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Introduction
In eukaryotic cells, cilia (or flagella) are often central to cell swimming, cell feeding, reproduction, and sensory perception. Length (cilia tend to be thought of as shorter), number (large numbers of cilia tend to be arrayed across cell surfaces whereas examples of flagellate protists with more than two flagella are fewer than taxa possessing one flagellum or two flagella), and principal mode of motion (an oar-like ciliary waveform versus more whip-like flagellar beating) are the obvious determinants commonly used for distinguishing cilia from flagella. Yet, these terms refer essentially to variants of the same organelle that have as their defining structure a microtubule axoneme (Moran et al. 2014 ).
In the classic '9+2' configuration, axonemes are composed of nine outer-doublet microtubules surrounding two singlet microtubules. Irrespective of the number of outerdoublet microtubules present (structures with as few as three outer-doublets have been described (Prensier et al. 2008) ), axoneme elongation occurs from a barrel-shaped microtubule organising centre (MTOC) or centriole, which in the context of flagellum assembly is better described as a basal body. De novo basal body biogenesis is known, but in many organisms a probasal body, or pro-centriole, comprised of triplet microtubules, rather than doublets, is physically associated with a mature basal body (Fritz-Laylin et al. 2016 ). Thus, in trypanosomatids, the flagellate parasitic protists featured in this work, probasal body-to-basal body maturation occurs when doublet microtubules extend from Aand B-tubules of the triplets of the probasal body, thereby forming the transition zone of the mature basal body (Vaughan and Gull 2015) . The transition zone is capped at the distal end by a basal plate from which the axoneme proper subsequently extends by a process that, as in many other flagellate cells, is dependent upon an intraflagellar transport (IFT) system (Absalon et al. 2008; Davidge et al. 2006) . Coincident with trypanosome probasal body maturation, biogenesis of two new probasal bodies and their association to either the newly matured basal body or the basal body matured in a previous cell cycle, also occurs (Vaughan and Gull 2015) .
Estimates derived from the proteomics of organelles isolated from diverse taxa suggest 200-300 different proteins are likely to be bona fide components of mature basal bodies (and their associated appendages) e.g. (Keller et al. 2005; Kilburn et al. 2007) . Such estimates provide an interesting contrast with bioinformatics-based comparisons that indicate structural conservation and complexity of centriole/basal body symmetry across the breadth of eukaryotic evolution may be dependent upon only a handful of conserved proteins (Carvalho-Santos et al. 2011; Hodges et al. 2010) . One basal body/centriole protein conserved in evolutionarily diverse flagellate eukaryotes is FOR20.
The only recognisable architectural features of the small FOP-related protein of 20 kDa (or FOR20) are also shared with other FOP family proteins (e.g. FOP, TONNEAU1 and OFD1), namely N-terminally localised TOF, LisH and 'PLL' motifs (Sedjai et al. 2010) . The protein was initially described as present at the distal end of the basal body in the ciliate Tetrahymena thermophila (where it is known as Bbc20 (Kilburn et al. 2007) ) and subsequently as a component of the granular pericentriolar satellites that surround the centrosome (a centriole-bearing MTOC) in animal cells (Fritz-Laylin and Cande 2010, Sedjai et al. 2010) . FOR20 is required for assembly of the non-motile primary cilium that extends as a sensory antenna from the surface of many animal cell types (Sedjai et al. 2010 ). In such cells, primary cilium formation occurs following centrosome relocation from a normally central intracellular position to the cortical cytoskeleton and the maturation of the mother centriole to a basal body (Dawe et al. 2007 ) although how FOR20 contributes to primary cilium assembly is not certain. Experimental analysis by gene-specific RNA interference (RNAi) in the ciliate Paramecium indicates its FOR20 is a stable component of the ciliate basal body, rather than subject to turn over, and is required for basal body docking at the plasma membrane and/or transition zone maturation (Aubusson-Fleury et al. 2012 ). Similar to Bbc20 in Tetrahymena and consistent with a proposed role in membrane docking, Paramecium FOR20 also localises to the distal end of both older (ciliated) and their associated non-ciliated, younger basal bodies (Aubusson-Fleury et al. 2012 ).
Generally speaking, FOP family proteins are found in flagellate eukaryotes, but not in organisms that lack a capacity to build a flagellum -acentriolar plants are the exception to this rule. In each of the taxa examined thus far, the FOP protein family is small in number (Azimzadeh et al. 2008; Hodges et al. 2010 ) and among flagellates the other family members are also centriolar and required for flagellum assembly (André et al. 2014; Aubusson-Fleury et al. 2012; Sedjai et al. 2010; Singla et al. 2010) . In acentriolar plant cells another FOP-related protein, TONNEAU1, is found; it is required for organisation of cortical microtubule arrays and interacts with the classic MTOC protein centrin (Azimzadeh et al. 2008; Spinner et al. 2010 ). In kinetoplastid protists (which include the parasitic trypanosomatids), four proteins comprise the FOP family: three conserved family members, FOP/FOP1-like, FOR20 and OFD1, plus a lineage-specific protein known as TbRP2 in the African trypanosome Trypanosoma brucei (André et al. 2014) . In this lineage-specific protein the TOF-LisH-PLL motif sequence lies, apparently uniquely, upstream of a tubulin cofactor C domain -although there is indication of a conserved requirement for a tubulin cofactor C domain-containing protein per se in flagellum assembly. Thus, TbRP2 is found at mature basal bodies and in T. brucei is required for assembly of a full-length flagellum and an intact axoneme (André et al. 2014; Stephan et al. 2007 ). Intriguingly, we reported recombinant TbRP2 is recognised by monoclonal antibody YL1/2 (André et al. 2014). YL1/2 is classically used to detect tyrosinated -tubulin in eukaryotic cells, including by many in the trypanosomatid community. There is no doubt that YL1/2 recognises T. brucei tyrosinated -tubulin, but likely additional recognition of TbRP2 calls into question whether there is a mature basal body pool of tyrosinated -tubulin specifically recognised by YL1/2.
Peculiarities of the kinetoplastid FOP family are not restricted to the presence of a lineage-specific family member: the only candidate orthologue of FOP, which in animal cells is required for ciliogenesis (Lee and Stearns 2013) , is a protein we term FOP/FOP1-like and is required in T. brucei for assembly of an essential (lineage-specific) extra-axonemal structure, the paraflagellar rod, but has no discernible effect on axoneme assembly (André et al. submitted). Among African trypanosome species FOR20 is predicted to encode a protein possessing a predicted short N-terminal extension not seen in either other kinetoplastids or other eukaryotes. Here, we demonstrate the N-terminal extension predicted for T. brucei FOR20 is real, rather than an artefact of gene annotation, and essential but not sufficient for protein localisation to both pro-and mature basal bodies throughout the trypanosome cell cycle. Interestingly, FOR20 from the distantly related American trypanosome T. cruzi, which lacks an N-terminal extension, is also targeted to pro-and mature basal bodies when expressed in T. brucei. Collectively, data presented here provide new insights into the functional diversification of the conserved, yet small FOP protein family, the spatial organisation of trypanosome basal body biogenesis, and provide further indication that TbRP2 is the basal body antigen specifically recognised by YL1/2.
Results

TbFOR20 is Present at Pro-and Mature Basal Bodies
The T. brucei FOR20 orthologue is encoded by Tb927.11.3090. Expressed from an endogenous chromosomal locus as an N-terminal fusion with YFP, TbFOR20 is targeted to both pro-and mature basal bodies, with YFP fluorescence lying distal to the indirect immunofluorescence signal observed using monoclonal antibody BBA4 (Fig. 1A) . BBA4 Here we performed immunofluorescence analysis of detergent extracted cytoskeletons (Fig.   1B ) and isolated flagella (Fig. 2) . On cytoskeletal images there was ambiguity as to whether YL1/2 lay distal, proximal or coincident with YFP::TbFOR20. Detergent and NaCl extraction of T. brucei cells yields axonemes plus associated paraflagellar rod, transition zone microtubules, and basal bodies. Analysis of flagella isolated by detergent and then NaCl extraction revealed spatial separation of YL1/2 immunofluorescence and YFP::TbFOR20 signals, with the former lying proximal to YFP::TbFOR20 ( Fig. 2A) . In our earlier work (André et al. 2014) we proposed that at mature trypanosome basal bodies TbRP2 is an antigen recognised by YL1/2. Given the spatial resolution of YL1/2 immunofluorescence and YFP::TbFOR20 signals we were able to further question the identity of the trypanosome antigen(s) recognised by YL1/2. Indirect immunofluorescence of isolated flagella using a specific anti-TbRP2 antibody (André et al. 2014) revealed that on mature basal bodies TbRP2 is also proximal to YFP::TbFOR20 (Fig. 2D) , consistent with the idea that YL1/2 recognises TbRP2 rather than tyrosinated α-tubulin. The final piece of experimental evidence that YL1/2 indeed specifically recognises TbRP2 as its basal body antigen is the observation that YL1/2 detects by immunoblot not merely recombinant TbRP2 (as we reported previously, André et al. 2014,) but also native TbRP2 from trypanosome extracts (Fig. 3) . We return to this point in the Discussion. ::myc, which localises only to mature basal bodies in T. brucei (André et al. 2014 ). To confirm pro-and mature basal body localisations for YFP::TbFOR20 was not an artefact of the N-terminal YFP tag, we also expressed in T. brucei TbFOR20 with a Cterminal myc-epitope (TbFOR20::myc). Again, tagged protein was targeted to both pro-and mature basal bodies (Fig. 1D) . Moreover, on isolated flagella TbFOR20::myc, as with YFP::TbFOR20, lies distal to TbRP2 (Fig. 2E) . Collectively, our localisation data indicate neither the nature nor the position of the tag influence protein localisation.
An N-terminal Extension Particular to FOR20 from African Trypanosome Species
We looked for differences between TbFOR20, TbRP2, and the other two trypanosome to an alternative start codon. We found no evidence to suggest that this was the case.
Moreover, a near absence of introns in trypanosomatid genomes means examples of cissplicing are extremely rare. Thus, we believe the start codons predicted for FOR20 orthologues from T. cruzi and Leishmania, and by inference other trypanosomatids, are correct.
In TbFOR20, we also noted a methionine immediately upstream of the TOF motif that could conceivably provide the start codon for a shorter protein, although this downstream methionine is not present in the syntenic orthologues from two other African trypanosome species, T. congolense and T. vivax, for which nuclear genome sequences are available.
Nonetheless, to confirm the authenticity of the predicted start codon for TbFOR20 we compared the localisation of C-terminally myc-tagged TbFOR20 variant translated from the downstream methionine (TbFOR20
1-21
::myc) with the localisations of full length TbFOR20::myc and YFP::TbFOR20 (in which YFP was fused in frame with the upstream methionine). Despite expression from a strong, doxycycline-inducible procyclin transcription promoter, TbFOR20
::myc did not localise to pro-or mature basal bodies, but instead accumulated throughout the cell body (Fig. 5A) . Thus, the short N-terminal extension unique to FOR20 from mammal-infective African trypanosome species is essential for basal body targeting, and moreover its role in basal body targeting is not masked by fusion of TbFOR20 at its N-terminus to YFP.
To query the possible structural conformation adopted by the N-terminal extension,
we submitted TbFOR20 to analysis at the Phyre 2 web portal (Kelley et al. 2015) . The α-helical conformations of the TOF and LisH motifs were accurately predicted and an equally confident prediction of disorder was noted for the short trypanosome FOR20 N-terminal extension (Fig. 6 ). Limited site directed mutagenesis within TOF and LisH motifs of TbFOR20 revealed that both motifs were required for efficient basal body targeting. Three site-directed mutants were examined (E37A, F54A, Y88A; Fig. 7 ): for the E37A mutation overall protein expression levels were lower than for the other two site-directed mutants (Supp. Fig. 1B ) and basal body targeting was completely abrogated (Fig. 7A ). For F54A and 1 Although T. grayi is a parasite of African crocodiles.
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Y88A mutations, where steady state accumulation of protein was much higher than for the E37A mutation, some protein was present at the basal/probasal body region ( Fig the distance between the re-orientated probasal bodies and the plasma membrane argue against a direct role for little-understood FOR20 in basal body-membrane docking, or at least that a role for FOR20 in docking is not conserved in all flagellate eukaryotes. We also note there is no evidence of motifs or domains associated with protein-lipid/membrane interaction seen in FOR20 proteins.
Additional to studying TbFOR20 localisation, we also subjected TbFOR20 to gene- TbRP2 (this study), the notion that basal body localised YL1/2 detects tyrosinated α-tubulin must be called into question. Note we do not call into question the value of using YL1/2 to detect tyrosinated α-tubulin at other cellular locations in trypanosomatids. The caution that we encourage echoes caveats offered by Wehland and colleagues when they mapped the epitope specificity of YL1/2 in their seminal study (Wehland et al. 1984) .
In questioning where along the length of pro-and mature basal bodies TbFOR20 is The model highlights subtle, yet realistically functionally significant differences in the basal body localisations of trypanosome FOP family proteins. Future studies are likely to provide insight into whether these localisation differences are more broadly conserved and how they might relate to functional specialisation.
Subtleties in TOF-LisH Motif-dependent Targeting of Centriolar Proteins
The prediction of a short N-terminal extension for FOR20 orthologues from mammalinfective African Trypanosoma species was intriguing, not least because it is among Leishmania species where the average length of orthologous coding sequences is predicted to be larger by ~15-20% than in other trypanosomatids (El-Sayed et al. 2005) . ::myc (sub-cloned as described below) and TcFOR20::myc were constitutively expressed in a 427 background. Cells were transfected and stable transformants selected using blasticidin (10 g ml -1 ) or hygromycin B (50 g ml -1 ) according to standard methods (McCulloch et al. 2004 ). NotI-digested constructs with genes encoding C-terminal myc-tagged proteins or TbFOR20 RNAi insert were transfected as described above. All plasmids were sequenced using ABI prism sequencing technology (Source Bioscience).
Plasmid constructs:
Microscopy and immunoblotting:
For fluorescence microscopy, cells were settled onto glass coverslips and either fixed directly with paraformaldehyde (3.7 % w/v in PBS) or extracted for 0.5 min with PEME containing 1% v/v NP-40 prior to fixation. For preparation of isolated flagella, exponentially growing cells were harvested and cytoskeletons extracted on ice for 10 minutes in PEME 1% v/v NP-40. Cytoskeleton pellets were harvested and flagella extracted twice on ice for 10 minutes in PEME 1M NaCl; flagella were collected by centrifugation after each extraction (13000 g, 30 min, 4°C), before settling onto glass coverslips. Fixed preparations were decorated for indirect immunofluorescence with the monoclonal antibodies BBA4 or YL1/2 as described previously (Woodward et al. 1995 and Sherwin et al. 1987, respectively) 
